Conventional equipment for plasma spraying can be adapted for operation at low pressure so that PECVD-like processing can be performed. The plasma jet generated by the torch is characterized by a high convective velocity and a high gas temperature. The influence of these properties on a deposition process are investigated in the framework of simple theoretical considerations and illustrated by various experimental results obtained with SiO x deposition. A conclusion of this study is that the deposition process is dominated by diffusion effects on the substrate surface: the deposition profiles and the deposition rates are determined by the precursor density and by the gas temperature on the substrate surface. The high velocity of the jet does not play a direct role in the deposition mechanism. On the other hand it strongly increases the precursor density available for the deposition since it efficiently transports the precursor up to the substrate.
Introduction
Plasma based processes are well known to be very widely used in many industrial applications, and for the production of very various types of products. Quite popular examples of plasmas applications are silicon etching, typically for integrated circuits (IC) manufacturing, and silicon or transparent conductive oxides (TCO) thin film deposition for solar cell production. But plasmas are also encountered in food packaging industry, space propulsion thrusters, compact discs manufacturing, flat screen televisions, waste treatment technology, and many others. As a consequence of these competitive markets interest there is a constant demand for the concerned industries in processes performance improvement. Within the specific needs inherent to each application two general trends can be distinguished: faster and larger. Especially large area processing is of great interest as it could allow a larger amount of work pieces to be treated at the same time, but also new kinds of products to be developed as larger work pieces could be processed.
A large part of plasma based processes concerns thin film deposition (typ. 100 nm) which is currently obtained by plasma-enhanced chemical vapour deposition (PEC-VD) typically performed under low pressure conditions (1-100 Pa) ( Ref 1) . A major part of the PECVD reactors relies on radio frequency (RF) capacitive or inductive sources, but difficulties are encountered in the attempt to obtain large and fast reactors.
In a totally other direction thermal plasma spraying (Ref 2) was developed to provide rapid, thick and porous coatings (typ. 1 mm). Thanks to the high enthalpy and the high convective velocity of the plasma jet created by a DC torch, powders of desired materials can be injected and melted into the jet and then convectively transported up to the substrate on which a coating is formed by accumulation of splats. These processes are typically performed under high pressure conditions (10 4 -10 5 Pa). The use of thermal plasmas for dense coating production was already envisaged in the early 1990s (Ref 3) . In a first time low pressure (typ. 10 4 Pa) processes were developed the injection of micrometric powders allowing dense coatings (typ. 10 lm thick) at high deposition rates . Then, by modifying conventional thermal spray components in order that the torch can be operated under very low pressures (typ. 50 Pa) a new process allowing CVD-like coatings (1-100 nm) to be produced at high deposition rates (Ref 7) has been developed. This PSCVD (plasma spray-CVD) technique has been shown to be efficient for various thin film deposition processes (pure metal, metal oxides, a-CH, SiO x ) but also for surface modifications (carburisation or nitruration of zirconia pieces). The ability of PSCVD to provide fast processes is essentially due to the high dissociation potency of the plasma jet which allows high precursor fluxes to be efficiently used. Moreover a great potential of this technique is in the possibility of combined processes associating CVD and conventional spraying.
To conclude with the specificities of PSCVD, it could be noted that under very low pressures the diameter of the plasma jet is large (typ. 20 cm) and that plasma torches are currently mounted on multi-axis displacement system. It then appears that PSCVD could be a very interesting candidate for some large area processing.
In comparison with conventional PECVD systems, based on sustained glow discharges, the PSCVD obviously presents some major differences: the plasma jet is approximately thermalized (electrons, ions and neutrals have the same temperature), the gas temperature into the jet is very high (typ. 1000 K in the vicinity of the substrate) and finally the plasma impinges on the substrate with a very high convective axial velocity (typ. 500 m/s) (Ref 7). The question then arises as how, and in what proportions, these specificities affect the CVD processes. We can expect the thermalization of the plasma to have mainly some consequences on the process chemistry, but this aspect is beyond the scope of this article. We focus here on the impact of the high convective velocity and of the high temperature of the plasma jet on the coating formation. In a first step theoretical considerations will be introduced to figure out what are the relevant parameters with regard to the deposition mechanisms and how these can be affected by the jet velocity and temperature. Then a selection of experimental results will be presented and analysed according to this theoretical approach.
Theoretical Approach of the Jet-Substrate Interaction
The system considered here can be sketched as shown in Fig. 1 : the plasma jet impinging on a substrate is characterized by its total particle density n g , its gas temperature T, its radial velocity (U 0 (r)) profile, far upstream with regards to the substrate, and by a precursor density n p generally much smaller than n g (typ. n p /n g~1 %). For a deposition to occur on the substrate the precursor particles must impact its surface. In a thermal spray process the droplets of melted material are transported convectively by the gaseous fluid toward the substrate surface and, thanks to their inertia, impact it ballistically. The situation is very different when we deal with molecular or atomic precursors which are constituents of the fluid itself ( Ref 1, 8, 9) . If we were to consider the precursor transport in the framework of a purely convective model, the normal component of the fluid velocity on the substrate being strictly equal to zero, the surface would not receive any flux (Ref 10) . To understand the origin of the precursor particle flux on the substrate we have to consider what happens in the vicinity of its surface, on a spatial scale smaller than the particle mean free path k. On this scale the particle density stills well defined provided that
, which is generally the case (typ. k~1 mm and n g À1/3~0 .1 lm for a 10 Pa pressure and a gas temperature of 1000 K). So every particle can be taken to move at the thermal velocity V th ¼ ffiffiffiffiffiffiffiffi the same probability (m p is precursor particle mass). According to the kinetic theory, the averaged particle flux / N oriented in a given direction, and a fortiori toward the substrate surface, can be taken to be (Ref 1, 8, 9) : 
, with q D the coating mass density. It has to be said that the mass flux m p / D associated to the deposition process is responsible for a convective flux on the substrate surface known as the Stephan flow (Ref 9) . In the present case the Stephan velocity can be estimated to be 0.25 m s
À1
, and can then be neglected with regard to the particle thermal velocity (typ. 750 m s À1 ). If the fluidic velocity doesnÕt play a direct role in the deposition mechanism, which depends only on the substrate surface conditions, it will on the other hand strongly affect these conditions. To illustrate this point a simplified 1D model of the impinging jet problem is considered, as sketched in Fig. 2 . At z = 0 the jet initial conditions are defined: convective velocity U 0 , gas temperature T 0 and precursor density n 0 . In the whole system the total neutral density n g is taken to be constant, or in other words a constant pressure is imposed. In the region comprised between z = 0 and z = L (substrate) the fluid velocity is set to decrease linearly from U 0 to 0. The second region between z = L and z = L + L2 is non convective and is only required to impose a second isotherm, taken here to be the ambient temperature. On the left side of the z = L interface, the substrate pumps a deposition flux / D , noting that in the following the maximum deposition efficiency n is taken. Heat transfers occur on both sides of the interface and the corresponding heat fluxes can be approximated according to the following reasoning. The heat transfer occurs essentially by means of the neutral-substrate interaction. Taking the gas temperature to be T 1 for a given side of the interface, the latter receives a normal neutral flux / g given by (Ref 1, 8, 9 ):
For each particle-surface interaction the neutral can take or give a certain amount of energy which depends on the inelasticity of the collisions. The maximum energy transfer would correspond to a thermalization of the particle with the substrate. If the substrate temperature is taken to be T 2 , the thermalization process would then involve a statistical energy variation DE that can be expressed as:
with m g the mass of a neutral. If this thermalization is applied to the total incident neutral normal flux, the maximum heat flux Q max that can be transmitted at the interface is obtained:
The inelasticity of the collision processes can then be characterized by introducing a particle thermalization efficiency n T 2 [0,1] such as the effective heat flux Q on the substrate is given by:
Once all the boundary conditions are set the precursor density profile n p (z) and the gas temperature profile T(z) can be analytically calculated by solving respectively the convection-diffusion equation and the conduction-convection equation, which can be written in the approximation of an incompressible flow as ( Ref 8):
Here D is the precursor diffusivity (taken to be constant), k is the fluid thermal conductivity, C g is the fluid specific heat and q g = n g m g is the fluid mass density. Figure 3 shows the evolution of the ratio n p (z)/n 0 for three different values of the fluid initial velocity U 0 , a value of 500 m/s being comparable to our experimental conditions. It can be seen in Fig. 3 that the precursor density, and therefore the deposition rate, can be increased by a factor 5 when the fluid velocity rises from zero to 500 m/s. Figure 4 shows the typical temperature profiles obtained for different values of the thermalization efficiency n T , calculated for an initial fluid velocity of 10 m/s, while Fig. 5 shows the gas temperature on the deposition surface (left side of the interface) as a function of the initial velocity U 0 . It has first to be noticed that the value of the thermalization efficiency does not affect much the gas temperature on the deposition side of the interface, which means that it is not a key parameter with regards to the maximum deposition rate / N . The temperature jump observed at the interface is a consequence of the definition of the approximated heat fluxes given above. It can be seen that as long as n T is large enough (typ. for n T > 0.01) the jump amplitude is small and the temperature profile is very close from what would be obtained in the framework of a continuous model. Secondly we observe that the gas temperature on the interface increases very rapidly with U 0 and reach almost a saturation value close to T p at only 10 m/s.
To resume our theoretical approach results, it appears that the high velocity of the plasma jet should not play any role in the deposition mechanism itself, but its influence on the deposition rate can nevertheless be very important as the convective transport of the precursor from the source to the substrate strongly increases the density n p available for the coating growth. The gas temperature plays a secondary role compared to the precursor concentration, at first because of its square root dependence in the expression of the maximum deposition rate / N , and secondly because the heat convective transport due to the jet velocity does not affect very much the gas temperature on the substrate. With regard to the maximum deposition rate value / N the high velocity of the jet and its high temperature are positive points playing in favour of the PSCVD system. On another hand it will be showed that the high gas temperature can be counter productive with regard to the deposition efficiency n because this one is lowered when the substrate temperature increases. Finally, the gas pressure has been taken to be constant in our 1D model. It will be shown in the next section that in reality the impinging jet creates a higher pressure zone in front of the substrate. Then the impact of the jet velocity on the deposition rate and on the heat fluxes is not only limited to transport phenomena but also comprises an enhancement of the gas and precursor densities on the substrate surface due to the local pressure increase.
Experimental Results
A set of experimental results is presented here that illustrate some expected phenomena according to our theoretical approach. All the experiments shown here were performed with SiO x depositions (Ref 7). The argon + oxygen plasma jet is injected into a confinement tube, in order to minimize recirculation-associated phenomena (Fig. 6) . The argon flow rate is typically of about 30 standard liters per minute (SLPM) while the oxygen A typical value of 550 m/s was found on the jet axis. The enthalpy probe was also used to sample the plasma in order to perform some mass spectroscopy measurements. The gas temperature on the sides of the tube outlet and on the surface of the substrates has been measured by means of thermocouples, as well as the substrate temperature. A typical value of 900 K was found for the gas temperature on the jet axis in front of the substrate. A He-Ne (632 nm) laser can be pointed on the substrate surface in order to perform in situ interferometry allowing information on the growing coatings to be obtained. Figure 7 shows the measurements of the deposition rate profiles (measured by interferometry) on two identical small steel substrates (7 9 7 cm). For the first one (Fig. 7a ) the substrate was held during the deposition process by a shaft screwed in its rear side, so the deposition surface was perfectly plane. For the second one (Fig. 7b) , the steel plate was supported by a substrate holder forming a 3 mm step on the edges of the sample. The two deposition profiles show completely opposite trends, as for sample (a) the profile rises rapidly on the plateÕs edges (typ. 40%) while it drops to zero for sample (b). This result is a good illustration of the fact that the deposition process is dominated by diffusion effects in the vicinity of the substrate surface, even in the present case of a high velocity impinging jet. Furthermore, it is a quite general evidence of the importance of the substrate geometry and environment with regards to the coating uniformity. As a matter of fact the opposite trends of the deposition profiles shown in Fig. 7 can be explained by the discontinuity of the precursor flux pumped by the substrate and its environment in a purely diffusive model.
To illustrate this point, first consider a simple result arising from the 1D model presented in the previous section. In a purely diffusive situation (U 0 = 0) the precursor density at the interface (substrate) calculated from the convection-diffusion equation is given by:
It then appears that the precursor density on the substrate is inversely linear proportional to the deposition efficiency n.
The 2D situation shown in Fig. 8(a) where the interface is divided into two semi-infinite regions is now considered: a first that pumps the deposition flux, which should be identified as the substrate, and another one that doesnÕt pump any flux. If we look far enough from the transition zone between these two semi-infinite regions, the density on the interface is well known and corresponds to the results of the 1D problem: in the non-pumping region the density is n 0 , while in the pumping region the density on the interface is much lower (typ. 1% of n 0 ). In the transition zone a density profile linking these two extreme solutions is created. A calculation of this density profile is shown on the lower part of Fig. 8(a) , while Fig. 8(c) shows a zoom of the density profile on the deposition region. It appears that the density on the edge of the pumping Journal of Thermal Spray Technology interface rises under the influence of the non pumping region and this is the origin of the deposition rate profiles obtained on perfectly flat surfaces as the one shown in Fig. 7(a) . LetÕs now consider the 2D situation sketched in Fig. 8(b) for which a step on the edge of the substrate has been added. Now the step pumps a deposition flux as well as the substrate. As long as we look at the density on the surface far away from the corner, the pumping generated by the step can be neglected and the density is given by the 1D solution. But close to the corner the density is affected by a double pumping and is then strongly lowered compared to the 1D solution. A 2D calculation of the density profile in the vicinity of a pumping corner is shown in the lower part of Fig. 8(b) and it can be seen that the density effectively drops to zero on the substrate edges as does the deposition rate profile shown in Fig. 7(b) .
In the previous example the deposition efficiency n is taken to be constant over the whole substrate surface and the deposition rate profiles are only affected by the precursor pumping discontinuities. The assumption of a constant value for n can reasonably be made because the sample dimensions are much smaller than the jet diameter, which implies notably a uniform heating of the substrates. In fact the deposition efficiency is sensitively dependant on the local substrate temperature, as illustrated by the profiles presented in Fig. 9 which compares the deposition rate profiles obtained on three thin (1 mm) copper plates differently thermalized: not cooled at all, uniformly cooled and locally cooled (cold point). The profile obtained by creating a local cold point on the copper plate shows that the deposition efficiency is really dependent on the local substrate temperature. On the other hand we observe that as long as the substrate temperature stays uniform the deposition profile is qualitatively unchanged although the mean value of deposition rate is increased by 25% if the substrate is cooled. In this case the shape of the profile, especially the increase on the edges, is determined by the precursor pumping discontinuities while the temperature of the substrate determines the value of n, and then the mean deposition rate.
In an attempt to determine the substrate temperature dependence of the deposition efficiency the time evolution of the deposition rate g D during long deposition processes (typ. 500 s) on small (10 cm by 10 cm) but thick (1 cm) copper and aluminium substrates has been measured. To do so time resolved interferometry (632 nm) has been used which allows an in situ determination of the coating thickness during the deposition (Fig. 6) . At the same time the evolution of the substrate temperature T s was measured by means of thermocouples. The obtained relation g D (T s ) is shown for both types of substrate in Fig. 10 . It is quite satisfying to see that the evolution of the deposition rate with the substrate temperature is very similar for aluminium and copper plates although these two materials do not heat up at the same rate. In the measured range of temperatures the deposition rate appears to vary linearly; if this linear variation is extended to the whole temperature range a maximum deposition rate (n = 1) of about 26 nm/s at 0 K is obtained and the total inhibition of the deposition would occur at a temperature of 1200 K.
To account for a 26 nm/s maximum deposition rate in the framework of the 1D convection-diffusion model exposed in the theoretical part of this article, the necessary precursor (Si) normal flux at the confinement tube outlet has been estimated to be about 6-8 9 10 21 m À2 s À1 . With an HMDSO evaporation rate of 30 g/h and considering a full dissociation of the molecules a maximum Si flux at the tube outlet of about 3.5 9 10 21 m À2 s À1 can be expected. Furthermore the precursor losses on the internal surface of the confinement tube certainly lower this value Fig. 8 Effect of precursor pumping discontinuity on the deposition profiles (a) whole normalized density profile for a semi-infinite pumping interface, (b) pumping corner, and (c) zoom on the deposition surface for semi-infinite pumping interface Fig. 9 Effect of the substrate cooling (not cooled, uniformly cooled and locally cooled) on the deposition rate Journal of Thermal Spray Technology non-negligibly. It then appears that the measured deposition rates are roughly two times higher than what would be expected at maximum. The reason for this discrepancy lies in the statement of a uniform constant pressure in the 1D model. On the contrary the impinging jet creates an over pressure region in front of the substrate and the precursor density must be enhanced as a consequence. Then to justify for the measured deposition rate the pressure on the substrate surface should be roughly two times higher than the pressure at the confinement tube outlet. To estimate the pressure increase on the substrate surface numerical solution of the compressible NavierStokes equation performed with COMSOL Multiphysics software (COMSOL, Inc.) has been used. The NavierStokes problem is also coupled to a conduction-convection resolution for the gas temperature. Figure 11 shows the typical geometry considered for these numerical resolutions: the process chamber is taken to be axially symmetric, the initial convective velocity profiles and gas temperature profiles are imposed at the confinement tube outlet according to the measured values for these parameters. The outlet conditions are given by the pumping which imposes a constant outlet pressure corresponding to the chamber pressure (30 Pa) and a convective transport of the heat. The image in Fig. 11 shows the calculated gas temperature distribution (grey scale) and the normalized fluid velocity field (arrows). The pressure profile on the jet axis between the confinement tube outlet and the substrate is shown in Fig. 12 and it can be seen that a typically 65 Pa value is expected on the substrate surface while the pressure at the confinement tube outlet stays close to the 30 Pa of the chamber pressure.
Hence, once the over pressure created by the impinging jet is taken into account, our measured deposition rates are consistent with the theoretical approach provided that the injected HMDSO is very efficiently dissociated. This assumption is mainly sustained by our mass spectrometry measurements which show a total cancellation of the HMDSO cracking pattern, as well as of any molecule heavier than 44 amu (CO 2 ), once the plasma is ignited.
The substrate temperature measurements can also be analysed in terms of the heat flux transferred from the plasma jet to the substrate. Considering first that the copper and the aluminium plates are small compared to the jet diameter, the heating of the substrates can be taken as uniform. Secondly we assume that the heat leaks can be neglected. This approximation is valid as long as the substrate temperature is far from its saturation value (typ. 900 K in our case). This being stated the heat flux received by the substrates can be deduced from the time evolution of their temperature by using the following relation:
where q s is the substrate mass density, C s is the substrate specific heat and d is the substrate thickness. With standard tabulated values for q s and C s the evolutions Q(T s ) shown in Fig. 13 are obtained. The solid line in Fig. 13 corresponds to the dependence of the heat flux expected according to our theoretical approach (with n T = 1) and assuming a 65 Pa pressure on the substrate surface. The agreement with the experimental results is fairly good, especially at short times for which the assumption of negligible heat leaks is the more valid. It is interesting to note that a maximum value of the particles thermalization efficiency n T has to be taken to account for our measurements.
Conclusion
The first conclusion arising from the present study concerns the use of a plasma torch at low pressures for PECVD processes. On the basis of simple theoretical considerations it has been shown that the high velocity of the plasma jet should not fundamentally affect the deposition mechanisms because these rely on diffusive processes on the substrate surface. In the framework of this approach the maximum deposition rate is determined by the precursor density and by the gas temperature on the interface, exactly as it would be for a conventional PEC-VD system, and the influence of the fluidic velocity is limited to the transport of the precursors, and of the heat, from the source to the substrate. On the other hand, 2D numerical calculations of the impinging jet problem show that the high velocity of the fluid is also responsible for an over pressure zone in front of the substrate and then leads to a consequent increase of the precursor density available for the deposition. All these contributions being taken into account the deposition rate can be estimated to be roughly 10 times higher for a 500 m/s jet velocity than for purely diffusive transport. Once the over pressure zone in front of the substrate is taken into account, the deposition rates obtained in our SiO x coating experiments are consistent with the theoretical approach provided that we take the injected HMDSO to be almost fully dissociated.
Concerning the coatings uniformity two separate phenomena leading to non uniform deposition profiles were identified. The first one is related to the precursor pumping discontinuities which arises from the geometry of the substrate and of its environment. The second one is related to the local value of the sticking coefficient, which as an example was shown in this article to be dependent on the local substrate temperature.
Finally the expression of the heat flux transferred from the hot gas to the substrate appears to be quite accurate to justify for the measured evolutions of the substrate temperature. Satisfyingly the over pressure on the substrate surface has also to be introduced to account for the measured heat fluxes. 
